Cerebral hypoxia and acidosis can follow traumatic brain injury (TBI) and are associated with increased mortality. This study aimed to evaluate a relationship between reduced pH bt and disturbances of cerebral metabolism. Prospective data from 56 patients with TBI, receiving microdialysis and Neurotrend monitoring, were analyzed. Four tissue states were defined based on pH bt and P bt O 2 : 1-low P bt O 2 /pH bt , 2-low pH bt /normal P bt O 2 , 3-normal pH bt /low P bt O 2 , and 4-normal pH bt /P bt O 2 ). Microdialysis values were compared between the groups. The relationship between P bt O 2 and lactate/pyruvate (LP) ratio was evaluated at different pH bt levels. Proportional contribution of each state was evaluated against mortality. As compared with the state 4, the state 3 was not different, the state 2 exhibited higher levels of lactate, LP, and glucose and the state 1-higher LP and reduced glucose (Po0.001). A significant negative correlation between LP and P bt O 2 (rho ¼ À 0.159, Po0.001) was stronger at low pH bt (rho ¼ À 0.201, Po0.001) and nonsignificant at normal pH bt (P ¼ 0.993). The state 2 was a significant discriminator of mortality categories (P ¼ 0.031). Decreased pH bt is associated with impaired metabolism. Measuring pH bt with P bt O 2 is a more robust way of detecting metabolic derangements.
INTRODUCTION
Following head trauma, brain injury occurs due to the damage of the primary insult followed by potential secondary injury, which may be a result of both ischemic and nonischemic mechanisms. This may contribute to a further loss of potentially viable cerebral tissue thereby decreasing the chances of a good functional outcome. Multimodality neuromonitoring is aimed at early detection of unfavorable physiological conditions, leading to decreased cerebral perfusion or oxygenation, as well as biochemical derangements associated with disturbed cellular metabolism. While low cerebral oxygen tension (P bt O 2 ) is a common pathological finding following severe traumatic brain injury (TBI), the presence of cerebral hypoxia does not universally correlate with deranged cerebral metabolism or neurological outcome. Furthermore, impaired energy metabolism does not invariably improve after induced increases in P bt O 2 . 1 This may be due to the limitations of the monitoring technology, which samples only a small area of extracellular tissue; relatively short duration or tolerable levels of hypoxia, which do not result in metabolic disturbances as well as the presence of nonischemic metabolic perturbations. 2, 3 Both ischemic and nonischemic causes of deranged metabolism can lead to cerebral acidosis, which contributes to cerebral tissue injury via a variety of pathophysiological mechanisms. These include (1) increased permeability of the calcium acid-sensing ion channels, 4, 5 leading to calcium influx and neuronal death; (2) contribution of acidosis to oxidative 6 and excitotoxic injury 7 ;
(3) impaired synaptic conduction and long-term potentiation 8 ;
(4) reduced glutamate uptake by astrocytes 9 and decreased capacity of astrocytes to maintain glucose metabolism during hypoxia 10 ; (5) blood brain-barrier disruption 11 and effects on mitochondrial function via an increased opening of the permeability transition pore, 12 etc. Although many of the mechanisms above rely on intracellular pH changes, it has been shown that an intracellular pH is strongly dependent on the regulation of extracellular pH. 13 Despite differences in the methods of measurement, there is ample evidence in human studies as well as in experimental models of ischemia, 14, 15 for the temporary reduction in cerebral extracellular pH (pH bt ) after cerebral insults such as TBI [16] [17] [18] [19] and subarachnoid hemorrhage. 15, 20 It has also been previously demonstrated that following human TBI, acidosis is associated with deranged lactate metabolism and increased mortality. 18, 21, 22 However, the relationship between hypoxia and acidosis and their impact on energy metabolism, including other biochemical markers, in our view warrants further exploration. The aim of the present study was, therefore, to test the hypothesis that the presence of cerebral acidosis with or without hypoxia indicates a more profound metabolic derangement, compared with the periods of hypoxia without acidosis or when normal oxygenation and pH are present.
MATERIALS AND METHODS
Neuromonitoring data were prospectively collected from the 56 patients with TBI who met the following criteria:
Inclusion criteria: patients with isolated or combined TBI, who required management in neurocritical care unit and intracranial pressure (ICP) monitoring based on existing guidelines 23, 24 and in whom duration of monitoring was expected to exceed 48 hours.
Exclusion criteria: moribund patients, unlikely to survive 424 to 48 hours; refractory blood coagulation disorders that precluded safe insertion of intraparenchymal monitors and patients with penetrating brain injuries, patients younger than 16 years of age (as per general neurocritical care unit admission policy).
Data collection was approved by the Cambridgeshire Local Research Ethics Committee and Research and Development Unit at Addenbrooke's hospital as part of an ongoing 'Blood flow, swelling and metabolism after head injury' project (protocol 30). An informed assent was obtained from the next of kin or patients' representative in all cases authorizing data collection and Neurotrend sensor (Codman, Raynham, MA, USA) insertion. All consecutive patients, who fulfilled the above criteria and for whom assent could be obtained, were included in the study and no upper age limit was used, other than guided by clinical indications.
All patients were managed according to the standard stepwise management protocol 25 with escalation of treatment when ICP (o20 mm Hg) and cerebral perfusion pressure (CPP) (470 mm Hg) targets were not met. Treatment options included analgesia and sedation, head elevation, muscular relaxants, intravenous colloids or crystalloids, mannitol and hypertonic saline, external ventricular drainage of CSF, moderate hyperventilation with PaCO 2 Z4.0 kPa, mild-to-moderate hypothermia (351C to 331C), inotropes, barbiturates, and decompressive craniectomy.
Monitoring in all patients included mean arterial pressure, ICP, microdialysis, and brain tissue parameters (partial pressure of brain tissue oxygen (P bt O 2 ), carbon dioxide (P bt CO 2 ), and cerebral extracellular pH (pH bt )). In all patients, mean arterial pressure was measured via an arterial line. A parenchymal ICP sensor (Codman), microdialysis catheter (CMA70 and CMA71, CMA Microdialysis, Solna, Sweden) and Neurotrend sensor were inserted via a triple lumen cranial access device (Technicam, Newton Abbot, UK) placed by default in the right frontal region, unless a different position was required for clinical reasons. Microdialysis catheters were perfused with CMA perfusion fluid at a standard rate of 0.3 mL/min and collecting vials were exchanged hourly. Bedside analysis for microdialysis markers was performed by a CMA600 analyzer (CMA Microdialysis) and included extracellular glucose, lactate, pyruvate, glycerol, and glutamate, as well as derived ratios of lactate-to-pyruvate (LP) and lactate-to-glucose (LG). The position of the microdialysis catheter and Neurotrend sensor were confirmed on the next clinical CT (computed tomography) scan and classified according to the proximity of monitor's tip to the traumatic parenchymal lesions as pericontusional (within 5 to 15 mm) or less injured brain (including diffuse injury). No probe was placed directly into the cerebral contusion. All neuromonitoring data were continuously, digitally captured on a bedside computer using ICM þ software. 26 At the time of data collection P bt O 2 and microdialysis parameters were used as a second-tier and predominantly research monitoring modalities and no direct or protocol-driven clinical treatment interventions (e.g., hyperoxia) were made to correct low P bt O 2 . However, the observed abnormal values in many instances could influence an aggressiveness of CPP augmentation or ICP lowering maneuvers on an individual patient basis.
Data Processing and Analysis
All monitoring data were combined in a single data set. Artifacts and values outside of the analytical range of the microdialysis analyzer and Neurotrend sensor were excluded. Neurotrend values during the first 2 hours after insertion were not used. The time of microdialysis sample analysis was set back by 17 minutes to allow for transit time from the catheter tip to the vial. ICP, CPP, P bt O 2 , P bt CO 2 , and pH bt values, captured at 1-second intervals were averaged to match microdialysis sampling rate, resulting in hourly data points for all included parameters. To avoid potential bias due to the variable length of monitoring in different patients, as well as to prevent possible drift in monitoring values with time and to focus on the most acute stage of pathophysiological response to brain injury, only the first 72 hours of monitoring for each patient were included in the analysis. Four cerebral tissue states were defined, based on P bt O 2 Thresholds between 'normal' and 'low' P bt O 2 and pH bt were defined as follows: P bt O 2 o1.5 kPa (E11 mm Hg) was considered abnormally low and above 1.5 kPa as normal. Previous studies indicated different median human pH bt values as well as thresholds between mortality or functional outcome groups, with the range of discriminating pH bt values from 7.0 to 7.2. 18, 21, 22 This values may depend on method of measurement 21 as well as timing of assessment. 18 In view of lack of universally accepted pH bt thresholds exist, we have based pH bt stratification on mean-1 s.d. pH bt values from the data set calculated separately for less injured (need to define this more) and pericontusional tissue, which also corresponded to the level defining the lowest 25 percentile. Based on this method, pH bt o7.15 and o7.1 were considered low for less injured and pericontusional tissue, respectively.
Statistical analysis was performed using SPSS 15.0 for Windows (SPSS, Chicago, IL, USA). The values of microdialysis glucose, lactate, pyruvate, LP ratio, and LG ratio were compared between four tissue state categories, using one-way ANOVA (analysis of variance). Biochemical values during all three 'abnormal' tissue states were also compared to periods with normal P bt O 2 and pH bt , using Tamhane's T2 method for post hoc multiple comparisons correction. To further reduce individual patient's bias as well as to account for an influence of CPP, ICP, and P bt CO 2 , a mixed linear model approach was used to compare groups in a similar manner.
Spearman's rank correlations between P bt O 2 and LP ratio were evaluated for the whole data set and separately at low and normal pH bt levels.
In addition, the percentage of monitoring time spent in each tissue state was calculated for all patients, and assessed against mortality and Glasgow Outcome Scale Score (GOS)-based functional outcome categories, using Mann-Whitney U test. The relationship between patients clinical and demographic characteristics and percentage of monitoring time in each state was also evaluated. P value o0.05 was considered significant for all statistical tests.
RESULTS
Out of 56 recruited patients, 43 (77%) were males and 13 (23%) were females. Median (interquartile range) age of patients was 38.5 (25; 52) years. Based on postresuscitation preintubation Glasgow Coma Scale (GCS) score, 46 (82%) patients sustained severe (GCS 3 to 8), 8 (14%) moderate (GCS 9 to 12), and 2 (4%) mild (GCS 13 to 15) injury. Out of the two patients with initially mild TBI, one subsequently deteriorated neurologically and the other had significant extracranial injury and abnormal CT brain scan fulfilling criteria of neurocritical care management and invasive neuromonitoring. Major extracranial injury was present in 21 (28%) patients. According to the Marshall CT classification at the time of recruitment, 30 (54%) patients had diffuse brain injury, 16 (29%)-evacuated mass lesion, and 10 (17%)-nonevacuated mass lesion. A microdialysis catheter was placed in less injured brain in 35 (63%) patients and in a pericontusional cerebral tissue in the remaining 21 (37%) patients. According to the GOS at 6 months, 14 (25%) patients died, 1 (2%) patient was in a vegetative state, 15 (27%) patients had severe disability, 17 (31%) patients moderate disability, and 8 (15%) patients had a good recovery. All of the 14 deceased patients died during their stay in the neurocritical care unit-6 due to refractory ICP and 8 due to severe structural brain injury with failure to improve neurologically, despite prolonged weaning of sedation; in four patients systemic injuries or sepsis, contributed to their mortality.
Following removal of the artifacts and the missing data a total of 2,665 hours of monitoring were available for analysis. Proportions of monitoring time belonging to each tissue state, as described above, are presented in Table 1 . Mean ( ± s.d.) values of pH bt and P bt O 2 for each tissue state were as follows (respectively): state 1 to 7.05 (±0.1) and 0.9 (±0.5) kPa (6.8 (±3.8) mm Hg), state 2 to 7.08 ( ± 0.06) and 3.0 ( ± 1.0) kPa (22.5 ( ± 7.5) mm Hg), state 3 to 7.24 ( ± 0.06) and 0.99 ( ± 0.4) kPa (7.42 ( ± 3.0) mm Hg) and state 4 to 7.24 (±0.07) and 3.4 (±1.4) kPa (25.5 (±10.5) mm Hg).
Initial comparison of microdialysis values between the tissue groups demonstrated significant overall difference between them for glucose, lactate, glycerol, and LP ratio (ANOVA) Figures 1A-1D , and no difference in pyruvate, glutamate or LG ratio. Post hoc testing, performed as comparison against the normal tissue state 4 as a control, suggested that only tissue state 1 (low pH bt and P bt O 2 ) and tissue state 2 (low pH bt and normal P bt O 2 ) were biochemically different in terms of all three microdialysis markers, with the exception of lactate, which was significantly higher in all tissue state 1 to 3 groups, when compared with the normal tissue state 4. Analysis of key monitoring parameters, which could have had an impact on cerebral biochemistry and pH bt -CPP, ICP, P bt CO 2 -also showed that they differed between the four tissue state groups, although the CPP and ICP remained well within the clinical target range. However, mixed model analysis, controlling for ICP, CPP and P bt CO 2 as well as individual patient variability suggested that LP ratio was still significantly higher in tissue state 1 and 2 groups, as compared with the state 4. In addition, lactate and glucose were both higher in the tissue state 2 (low pH bt , but normal P bt O 2 ), when compared with the normal tissue state 4. The observed and predicted values of microdialysis markers and other monitoring parameters as well as significance values of statistical tests are presented in Table 2 .
The relationship between LP ratio and P bt O 2 was evaluated at two pH bt levels (Figure 2 ). Spearman rank test suggested significant negative correlation between LP and P bt O 2 (rho ¼ À 0.159, Po0.001). This relationship was stronger at low pH bt (rho ¼ À 0.201, Po0.001) and lost significance at normal pH bt levels (P ¼ 0.993). The pH bt was negatively correlated with LP ratio (rho ¼ À 0.270, Po0.001) and this relationship remained significant at both low and normal P bt O 2 levels.
When percentage of time spent in each tissue state (one value per each state per patient) was tested against mortality categories, only the tissue state 2 was found to be a statistically significant discriminator (P ¼ 0.031, Mann-Whitney U test), Figure 3 . No significant difference or discriminator was found when dichotomy was placed between favorable or unfavorable outcome groups, based on conventional GOS scale. No difference was found in the percentage of time in each tissue state and baseline patients' clinical characteristics including the severity of extracranial injury. 
DISCUSSION
The presented results suggest that the four tissue states divided by pH bt and P bt O 2 levels exhibit very different metabolic profiles. We did not find any significant difference in proportions of specific baseline patient characteristics, which could explain the differences between the tissue states. Although division into cohorts provides somewhat artificial boundaries to possibly linear continuous data and can be affected by an incorrect selection of thresholds, it allows evaluating and comparing special and often small subgroups within data, which can be missed or diluted by other types of analysis. While the values of P bt O 2 below the threshold used in this study are within an accepted hypoxic range, the pH bt thresholds were based on the initial analysis of the data set as described above, since much less conclusive information on significant thresholds of cerebral extracellular pH exists. This approach produced four distinctive groups both in terms of duration of monitoring and associated metabolism. The tissue state 4 represents normal conditions, observed in a majority of monitoring time, and therefore was used as a control group. At the opposite end of the spectrum is the tissue state 1, which is consistent with classic ischemia associated with tissue hypoxia, acidosis, decreased glucose, increased lactate and LP ratio, and P bt CO 2 retention. These ischemic conditions were observed very rarely (overall o2% of monitoring time) in line with recent reports 3 and expected standards of neurocritical care. The tissue states 2 and 3 together in equal proportions account for one-third of monitoring time. However, tissue state 3, despite low P bt O 2 is not metabolically different from normal conditions, apart from significantly higher lactate levels. The latter difference disappears when adjustments for individual patients' variability, ICP, CPP, and P bt CO 2 are made. Therefore, despite overt hypoxia, no significant metabolic changes suggesting impaired energy metabolism are present. One possible explanation is that the hypoxia is short-lived and is reversed before causing metabolic perturbations. However, the very nature of the data with values representing hourly averages goes against this suggestion and in many patients hypoxic values of P bt O 2 were observed over a prolonged period of time without associated metabolic changes and acidosis. Leaving aside technical reasons (probe failure, focal measurement), it is possible that at least in some situations these perceived hypoxic levels of P bt O 2 may be tolerated for a prolonged period of time as the oxygen delivery is matching consumption, although possibly at the very limit of supply/ demand capacity. In the majority of patients in this study, metabolic demand was suppressed by pharmacological and other treatment measures. Therefore, even lower levels of P bt O 2 may be sufficient, especially if oxygen delivery (optimum perfusionECPP) is maintained. Should this balance deteriorate the situation would be likely to shift towards ischemic conditions (tissue state 1) with the development of energy failure and acidosis. It is also possible that acidosis, apart from being a marker of metabolic deterioration (lactate and P bt CO 2 accumulation), also actively contributes to energy failure and the deleterious effects of hypoxia. 6, 10, 12 This argument is further strengthened by a relationship between P bt O 2 and LP ratio at different pH bt levels depicted in Figure 2 . However, the absence of any additional data (arterial oxygen and glucose levels, autoregulation, and local perfusion, etc.) makes further elaborations difficult. It should be noted that our treatment protocol placed a strong emphasis on avoidance of aggressive hyperventilation, which can lead to hypoxia and even ischemia in the presence of a relatively alkalotic pH bt due to a reduction in P bt CO 2 , and therefore this metabolic profile is unlikely to be presented, limiting generalization of the findings to similar management protocols. Acidosis without hypoxia (tissue state 2 group) represents conditions distinctively different from other tissue states described above. It accounts for a considerable proportion (16%) of monitoring time and is characterized by profound disturbances of energy metabolism with high lactate and LP ratio as well as by the signs of increased cellular membranes breakdown (raised glycerol). At the same time, this tissue state is associated with normal P bt O 2 , probably normal cerebral perfusion (normal CPP as a surrogate) and normal or relatively high cerebral extracellular glucose. This is the only tissue state associated with increased mortality (although an absence of a relationship between ischemia and mortality is likely to be due to the limited number of observations in that group), which further strengthens the argument that observed metabolic changes are likely to be a genuine representation of unfavorable conditions. We found no statistically significant association with GOS-based dichotomized functional outcome, which may be due to a relatively small number of patients and sample size with the lack of statistical power to detect such relationship.
Several explanations for the observed and evidently nonischemic metabolic disturbances can be proposed. First, it may represent a recovery phase following transient ischemia, after reoxygenation or reperfusion has taken place. Although detailed analysis of temporal profiles was beyond the scope of this study it was clear, following review of the data, that in the majority of time the described changes took place without preceding hypoxia or ischemia. In addition, many patients never exhibited hypoxic levels of P bt O 2 before developing nonhypoxic reduction in pH and associated metabolic changes. A second possibility is that this represents an acquired mitochondrial failure, 2 with associated reduction of pyruvate utilization in the TCA cycle and accumulation of lactate, which can be further exacerbated by evolving acidosis. Such failure can be sustained or reversible, for instance by supranormal increases in oxygenation to overcome possible tissue diffusion barriers 27 or by correction of acidosis. 28 Vespa et al 3 described a 25% incidence of metabolic crisis without ischemia, which is further supported by the presented data, although with a lower incidence. Third, peripheral hyperglycemia, especially in the presence of increased glucose metabolism or even pathological hyperglycolysis due to nonischemic failure of the TCA cycle, can contribute to acidosis with accumulation of lactate and P bt CO 2 , a finding well described previously. [29] [30] [31] Relatively high extracellular glucose levels, considering that metabolism is likely to be increased, may support this explanation, although without data on arterial glucose values it remains only a theoretical possibility.
It remains unclear which therapeutic methods are most likely to improve the nonischemic metabolic disturbances described and whether they can be reversed at all. Hyperoxia and titration of arterial glucose may play an important role. Furthermore, via the mechanisms described above, acidosis can also contribute to metabolic derangements and cellular injury in its own right and the presence of a significant negative correlation between pH bt and LP ratio, irrespective of P bt O 2 levels further supports this notion. However, the cause and effect are difficult to establish in an observational data set and it is not possible to prove that acidosis does indeed exacerbate mitochondrial failure or whether it simply reflects increasing lactate concentration.
In view of this, it would be useful to determine whether the correction of acidosis, with buffering agents for example, will produce metabolic improvement. Several previous encouraging reports [32] [33] [34] [35] [36] interventional studies would be required to further evaluate the feasibility and effects of cerebral pH manipulation.
At the present moment, the Neurotrend sensor has been discontinued by the manufacturers for commercial reasons as well as issues related to ease of use and concerns about the monitoring stability and reliability of P bt O 2 recording, when compared with other available clinical brain tissue oxygen monitors. 37, 38 The lack of comparable clinical monitor further clinical studies are impossible, until a new reliable and clinically approved method of continuous in vivo pH bt monitoring in humans is available. Several groups are working on development of such tool [39] [40] [41] and it may be possible in future to resume clinical pH bt monitoring.
Conclusions
Following TBI reduced cerebral extracellular pH (pH bt ) with or without concomitant hypoxia is a marker of a significant metabolic derangement and is associated with increased mortality. Continuous monitoring of pH bt in addition to P bt O 2 alone may provide an added value in detecting unfavorable physiological conditions, especially when direct biochemical monitoring of brain tissue is not feasible and overt tissue hypoxia is not present.
It is still worthwhile to evaluate whether cerebral acidosis can be reversed by therapeutic maneuvers and if this will lead to improvements in cerebral metabolism. Unfortunately, further continuous clinical monitoring of cerebral extracellular pH is currently impossible due to discontinuation of clinical sensor by the manufacturers until new comparable technology emerges.
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